Rare earth elements are used in renewable energy generation techniques like wind turbines as well as in various high-tech applications in the automobile industry, electrical engineering, optics, and catalyzers. Due to the environmentally harmful production of rare earths, they have been subject of life cycle assessment investigations in the past years. Most of these studies focus on rare earth oxide production. The subsequent reduction of rare earth oxides to the final metal in a molten salt electrolysis has significant environmental impacts especially on human toxicity. The main drivers are rare earth fluoride production and molten salt electrolysis. In this study, exemplarily a comparative life cycle assessment of neodymium oxide electrolysis in molten salt as well as various neodymium fluoride production processes is conducted. The different assumptions regarding inputs and outputs of the electrolysis process are discussed. Then, the impacts of the electrolysis processes modelled in different ways are analyzed in relation to the entire process chain to produce neodymium. The results show a share of the electrolysis process on the entire process chain varying from 9% -82% depending on different assumptions. Based on this analysis, improvements for the electrolysis process are proposed.
Introduction
Rare earth elements (REEs) are defined as those chemical elements ranging in atomic numbers between 57 and 71 in the periodic table of the elements. REEs are classified into two groups according to their varying ionic radii: light REEs (LREE) with atomic numbers from 57 (lanthanum) to 62 (samarium) and heavy REEs (HREE) with atomic numbers from 63 (europium) to 71 (lutetium). Due to their chemical similarity, scandium and yttrium are also part of LREE and HREE, respectively. Neodymium (Nd) is a representative of LREEs.
In 2018, 170,000 t of rare earth oxide (REO) equivalents were produced worldwide, hereof 120,000 precipitated RE carbonates into a RE chloride solution. Several solvent extraction steps are necessary to separate single REEs subsequently. The subsequent precipitation is carried out using oxalic acid. The resulting Nd oxalate is calcined to Nd 2 O 3 in a tunnel furnace at 900°C. Figure 1 . Schematic process chain of Bayan Obo (grey) and the single processes of neodymium fluoride production (red) and of molten salt electrolysis (blue) included therein, based on Schreiber et al. [14] 2.2 Production of neodymium RE metals can be processed from REOs using different metal refining processes like metallothermic reduction with calcium or electrolysis processes. Metallothermic reduction must be performed in a batch mode and is very energy intensive due to the high temperatures required.
To evaluate the environmental burdens in this study, the impact assessment method "CML 2001 -Jan. 2016" is chosen. [34] For normalization, the reference system "CML2001 -Jan. 2016, World, year 2000, incl biogenic carbon", which represents the world impacts in the year 2000, is chosen. Unfortunately, there are still no normalization factors (appropriate reference system) for the new REE CFs. Therefore, ADP cannot be normalized ( Figure 3 , 5 and 6).
Goal and Scope
This study focuses on MSE of Nd 2 O 3 . Since no primary data are available for MSE, previous LCA studies by Sprecher et al., [10] Zhao et al., [15] Lee and Wen, [16] Vahidi et al., [24] and Schreiber et al. [14] have modelled the Chinese electrolysis process using different assumptions, e.g., regarding the state of the art. In this paper, the proposed electrolysis processes are compared. Based on the studies by Sprecher et al., [10] Zhao et al., [15] Lee and Wen [16] (three electrolysis scenarios: best, middle, worst),
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Eutrophication Potential (EP) [kg Phosphate eq.], Global Warming Potential (GWP 100 years) [kg and Schreiber et al. [14] (four electrolysis scenarios: best, middle, worst, average), nine electrolysis processes are modelled and compared using GaBi software version 9.2.0.58 by Thinkstep [36] (Table   1 ). In addition to these nine electrolysis processes, a future electrolysis process is established for the year 2030 to show improvement potentials. Therefore, Schreiber et al.'s best scenario (Table 1) is selected, but with less tungsten and a Chinese electricity mix for 2030. [37] We did not consider the study by Vahidi et al. [24] even though they provide LCI data for Nd 2 O 3 MSE for different facilities, too. The reason for this is the economic-based allocation method used, which is based on different production baskets (various metals) of the facilities. By allocating the single-output Nd 2 O 3 MSE process with respect to price for all products of the entire facility, the environmental life cycle impacts of Nd differ. In case Nd is produced in a facility along with REEs of high economic value, Nd's environmental impact is lower than in case REEs of lower economic value are produced along with Nd. This makes no sense as in fact, Nd 2 O 3 MSE is no multi-output process, and thus Nd production has a certain environmental impact regardless of other REEs' economic value.
For the 10 modelled electrolysis processes, the different amounts of inputse.g., NdF 3 , graphite, tungsten, LiF, refractory material, and electricity from the mentioned LCA studiesare used and modelled in the GaBi software. These required inputs are then supplemented using an individual upstream process for each from the ecoinvent 3.5 database, except for NdF 3 . For NdF 3 supply, the same approach as for electrolysis is used. Based on the studies by Schreiber et al., [14] Zhao et al., [15] and Lee and Wen, [16] five different NdF 3 production processes are modelled in GaBi: one for Zhao et al. [15] , one for Schreiber et al., [14] and three for Lee and Wen [16] (Table 1) . These NdF 3 processes are then integrated into the corresponding electrolysis inventories. Schreiber et al.'s [14] NdF 3 production applies to all of their electrolysis inventories. Sprecher et al. [10] do not use NdF 3 .
Each electrolysis inventory is then integrated in the identical, recently published LCA of the Nd 2 O 3 Bayan Obo process chain. [14] All upstream operations such as mining of the raw ore, beneficiation, Accepted Article but with less tungsten and a Chinese electricity mix for 2030. Accepted Article which is based on different production baskets (various metals) of the facilities. By allocating roasting, chemical treatment, solvent extraction and calcination as well as transports, waste disposal and energy supply are included within the system boundary (Figure 1) . The Nd 2 O 3 Bayan Obo process chain remains the same for all assessments to show the impacts of the different MSE explicitly. Electricity is provided by the Chinese electricity mix from 2014 and is used for all analyses except for "Electrolysis scenario 2030". The electricity mix 2014 comprises hard coal to 72.5%, hydroelectricity to 18.6%, wind power to 2.73%, nuclear power to 2.32%, natural gas to 2.16%, bio energy to 0.78%, photovoltaics to 0.51%, energy from waste to 0.23%, oil to 0.17%, and geothermal energy to 0.002%. [38] For the "Electrolysis scenario 2030", a Chinese electricity mix forecast 2030 with less hard coal and more natural gas, wind power, nuclear power, and photovoltaics is used: hard coal: 49.15%, hydroelectricity: 14.57%, wind power: 9.43%, nuclear power: 7.91%, natural gas: 7.57%, bio energy: 2.72%, photovoltaics: 8.57%, oil: 0.05%, geothermal energy: 0.03%. [36] For all power generation techniques ecoinvent 3.5 processes are used.
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To quantify the environmental burdens of the MSE as a single process, 1 kg of Nd is chosen as the functional unit of the process (FU P ) (Figure 1) . The intermediate results of NdF 3 production are related to the functional unit of 1 kg of NdF 3 (FU F ) (Figure 1) . For the calculation of the entire neodymium production system, the functional unit (FU S ) is 1 kg of Nd, which has passed through the entire process chain from raw ore mining to electrolysis (Figure 1 ). Table 1 shows the LCI data for NdF 3 production related to the FU F . NdF 3 can be produced in different ways. [39] Schreiber et al. [14] describe a NdF 3 production based on Spedding and Dane's [38] process where ammonium hydrogen fluoride is used to convert REO into RE fluoride. Resulting emissions are the decomposition products ammonia and hydrogen fluoride (HF). Lee and Wen [16] differ significantly in HF input and HF emissions. A description of these process variants is not given. Additional emissions reported by Lee and Wen [16] are taken from the Emission Standards of Pollutants from RE Industry (MEP) [40] but cannot be explained by the inputs. For example, Lee and Wen [16] specify ammonium emissions although no ammonium is added to the process. Zhao et al. [15] take the inputs from an Environmental Impact Report of a Chinese facility, [41] as published by Vahidi et al. [24] Zhao et al. [15] also suggest direct fluorination, but with much lower electricity requirements compared to Lee and Wen. [16] Schreiber et al. [14] assume that all reaction products and unreacted inputs are transported by the hot off-gas stream as emissions to air. On the other hand, Zhao et al. [15] state that the emitted HF emissions are washed out via water spray adsorption, resulting in a by-product of 20% HF aqueous solution. In addition, Zhao et al. [15] calculate a stoichiometric reaction while the other studies calculate hyperstoichiometric NdF 3 production.
Life-Cycle Inventory Analysis

NdF 3 production
Overall, Zhao et al. [15] estimate that HF emissions are less than 0.1% of their input.
Molten salt electrolysis
The second part of Table 1 shows the LCI data of Nd 2 O 3 MSE related to the FU P . Although Lee and Wen, [16] Zhao et al., [15] and Schreiber et al. [14] analyze the same electrolysis process, there are clear differences that can be attributed to the data sources used and to the different production standards assumed. The electrolysis inventory of Sprecher et al. [10] is very different from the others.
They adapted data from the Hall-Héroult electrolysis process, which is utilized for aluminum production, under consideration of different molecular properties.
Schreiber et al. [14] have investigated four process options (Schreiber, worst = Schreiber/w; Schreiber, middle = Schreiber/m; Schreiber, best = Schreiber/b; Schreiber, averaged = Schreiber/av) regarding different material requirements and emissions on the basis of Cheng and Bao. [42, 43] The worst option represents small, mostly private (backyard) production sites with the outdated 3-4 kA technique without off-gas cleaning and recycling. The middle option, representing the 8 kA technique, is already equipped with dry off-gas cleaning and waste recycling. In the best option, Accepted Article large-scale production sites up to 30 kA with modern process control, wet off-gas cleaning, and recycling are analyzed. In addition, Schreiber/w, Schreiber/m, and Schreiber/b options are considered to build an averaged, more realistic Chinese scenario (Schreiber/av). As no production capacities for the worst, middle and best options are available, their capacities are estimated as follows. The officially published Nd metal production amounts to approx. 25,000 t in 2010. [44] In addition, there is a considerable amount of illegally mined rare earths. [45] [46] [47] In 2015, for example, already approx. 5,850 t of Nd were produced illegally in just two southern provinces. [45] Since no precise information is available, the amount of illegally produced neodymium is estimated to approx. 10,000 t per year. This results in an estimated total production of 35,000 t in China.
Although the number of backyard production sites decreased significantly in recent years due to governmental shut downs, the share of facilities without off-gas cleaning is still high and is estimated at 15,000 t/year (Schreiber/w). As electrolysis has been further developed in China, it is assumed that all large facilities are equipped with off-gas cleaning, but only a few with electronic process optimization technique. [29] Therefore, the remaining amount of 20,000 t was distributed to Schreiber/m (15,000 t) and Schreiber/b (5,000 t). Data for the inventories are based on literature research with support of experts from the Institute of Metallurgy at RWTH Aachen University.
Lee and Wen [16] also analyzed three electrolysis scenarios (Lee/w, Lee/m and Lee/b) to account for large discrepancies in efficiency and waste treatment. The inventory is based on an industry survey and a study from Pang. [26] The worst scenario represents small to medium-sized enterprises with low capacity and minimal or no waste treatment. The best scenario represents high capacity enterprises with latest technology and waste treatment to meet environmental standards. The average scenario models the Chinese mean for efficiency and waste treatment. However, the difference between the best and worst scenario in terms of technology and environmental standards is not reflected in the inventory data. With the exception of HF emissions, there are no significant differences ( Table 1) . Accepted Article and Wen [16] Accepted Article [16] also analyzed three Accepted Article a study from Pang. [26] Accepted Article [26] low capacity and minimal Zhao et al. [15] uses data from an environmental report of a large Chinese facility, which produces approx. 2,000 t/year. [41] The use of quicklime indicates the installation of a wet air scrubber, thus this facility is comparable with the best options of Schreiber et al. [14] and Lee and Wen. [16] Accepted Article This article is protected by copyright. All rights reserved unit Zhao [15] Sprecher [10] Lee [16] best Lee [16] middle Lee [16] worst Schreiber [14] worst Schreiber [14] middle Schreiber [14] best Schreiber [14] average Electrolysis 2030
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Inputs a) emission into water; b) COD = Chemical oxygen demand; c) emission into air; d) by-product HF, 20% solution; e) assumed transport distances from Schreiber [14] ; f) values in brackets are for the scenario: Schreiber, worst/CF 4 , C 2 F 6 emissions based on Vogel and Friedrich; [27] In addition to HF emissions into air, Zhao et al. [15] and Lee and Wen [16] indicate fluoride emissions into water. Schreiber et al. [14] consider the decomposition of the electrolyte (LiF, NdF 3 ) as dust emissions. For backyard facilities without exhaust air filtration, dust emissions amount to 120 g/kg Nd and for modern plants with dust filtration to 0.06 g/kg Nd. In other studies, dust emissions are between 1.5 -3.1 g/kg Nd and thus significantly higher than in Schreiber/m as well as Schreiber/b. In addition to dust filtering, a further reason is the lower NdF 3 and LiF use in these scenarios. In contrast to Schreiber et al., [14] Lee and Wen [16] do not consider the different technical facility standards and report the same dust value for all scenarios.
Sprecher et al. [10] also consider other emissions such as nitrogen oxide, sulfur dioxide, benzopyrene as well as PAHs, which are all based on the aluminum production process from the ecoinvent database. [50] PFC emissions are only taken into account by Schreiber et al. [14] and Sprecher et al., [10] although they have a high climate-damaging effect. Since no published data are available for PFC emissions for industrial MSE of REOs, Schreiber et al. [14] estimate CF 4 emissions of 0.135 g/kg Nd on the basis of aluminum electrolysis for Schreiber/w and Schreiber/m. For C 2 F 6 , 10% of the CF 4 value is assumed. In the Schreiber/b scenario, PFC emissions are significantly reduced under the assumption of an automated process. Table 2 shows the impact scores of 1 kg of NdF 3 production (FU F ), 1 kg of Nd metal production via MSE analyzed as a single process (FU P ), and 1 kg of Nd metal production along the entire Bayan Obo process chain (FU S ).
Results of the life cycle impact assessment
Neodymium fluoride production
Looking at the impact scores for NdF 3 production individually, Zhao et al. [15] have the lowest impact across all impact categories. The reason lies in the fact that they have the smallest input of Nd 2 O 3 , low energy consumption and a low amount of HF input. In addition, they 
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Sprecher et al. [10] Accepted Article [10] also consider other emissions such Accepted Article also consider other emissions such benzopyrene Accepted Article benzopyrene as well as PAHs, which are all based on the aluminum production process from Accepted Article as well as PAHs, which are all based on the aluminum production process from the ecoinvent database [15] 1.08 1370 0.793 0.308 121 86.3 48.9 Schreiber [14] 1.26 1620 2.15 0.485 141 1460 57.5 Lee, worst [16] 1.39 1960 1.93 0.422 179 1850 67.4 Lee, middle [16] 1.35 1860 1.06 0.407 172 132 64.7 Lee, best [16] 1.31 1740 0.996 0.391 162 111 61.4
Per kg Nd via molten salt electrolysis Zhao [15] 0.0862 231 0.110 0.0348 18.6 13.2 16.0 Sprecher [10] 0.00168 113 0.0561 0.00895 10.9 6.37 3.4 Schreiber, worst [14] 0.138 351 0.303 0.0676 29.3 170 16.4 Schreiber, middle [14] 0.00078 132 0.0522 0.0108 11.1 6.75 8.89 Schreiber, best [14] 0.000125 119 0.0461 0.00956 9.07 5.45 8.59 Schreiber, averaged [14] 0.0598 225 0.159 0.035 18.6 76.7 12.1 Lee, worst [16] 0.191 453 0.413 0.0783 40 417 14.1 Lee, middle [16] 0.178 419 0.211 0.0732 37.6 29.1 13.2 Lee, best [16] 0 [14] 1.73 1330 0.894 0.216 100.9 231.6 50.5 Schreiber, middle [14] 1.58 1110 0.642 0.159 82.4 68.3 42.9 Schreiber, best [14] 1.58 1094 0.636 0.158 80.3 67.0 42.6 Schreiber, averaged [14] 1.65 1200 0.750 0.183 90.0 138 46.1 Lee, worst [16] 0.780 1530 1.07 0.243 119 485 51.9 Lee, middle [16] 0.743 1458 0.840 0.231 113.5 94.6 49.4 Lee, best [16] 0.697 1361 0.784 0. 10, 100, and 1000) . Thus, the scales of units in Figure 2 are different (g, kg, t) . Here, the scores of Lee/w are highest with exception of POCP, mainly caused by the highest amount of NdF 3 input per kg Nd produced. Almost 100% of ADP are caused by RE ore extraction for NdF 3 production in case of Schreiber's, Lee's and Zhao's analyses due to the new REE CFs in the impact method. Sprecher et al. [10] and the "Electrolysis scenario 2030" have the lowest impacts. The main reason for the lower figures in Sprecher et al. [10] is the use of AlF 3 instead of NdF 3 . In addition, Sprecher et al. [10] indicate the lowest HF emissions. For the "Electrolysis scenario 2030", lower tungsten consumption (factor 10 compared to Schreiber/b) and a more ecological electricity mix (-23%
hard coal compared to 2014), result in lower impacts compared to Schreiber/b, especially reflected in FD, GWP and AP. The high contribution of NdF 3 to all impacts is clearly visible. Therefore, Lee and Wen [16] and Schreiber/w score highest due to the large NdF 3 input. Due to an assumed NdF 3 recycling and better process control during electrolysis in the case of Schreiber/m and Schreiber/b, the impacts caused by NdF 3 are hardly visible anymore.
Only Zhao et al. [15] and Schreiber et al. [14] consider CO emissions, which are visible as direct process emissions in POCP (Figure 3) . If CO converts to CO 2 with atmospheric oxygen, POCP will decrease and GWP will increase.
HTP is mainly generated by HF emissions. Lee/w scores worst because of the HF emissions (45 g HF/kg Nd), which are the highest by far compared for example to Sprecher et al. [10] (0.5 g HF/kg Nd) and Schreiber/w (0.1 g HF/kg Nd). In Schreiber/m, Schreiber/b, Zhao et al., [15] and "Electrolysis scenario 2030", no HF emissions are assumed. In the case of Sprecher et al., [10] AP is induced by direct sulfur dioxide emissions (SO 2 does not occur in any other study) and in the case of Lee/w by high HF emissions. Sprecher et al.'s impact assessment is hardly comparable to other studies because his electrolysis process is based on aluminum electrolysis. [10] The environmental impacts generated by electricity consumption differ not very much between the studies since electricity consumption lies in the same order of magnitude for all of them (approx. 8 -12 kWh/kg Nd). Furthermore, in all analyses we used the same Chinese electricity mix. The direct CO 2 emissions during electrolysis are negligible as CO 2 emissions from electricity generation are significantly higher. GWP is also caused by CF 4 and C 2 F 6 , which are typical MSE emissions. However, only Sprecher et al. [10] and Schreiber et al. [14] consider PFCs (max. 0.24 g CF 4 , max. 0.027 g C 2 F 6 ), which are estimated from aluminum electrolysis. Looking at the direct process emissions, the share of CF 4 
Only Zhao et al. [15] Accepted Article [15] and Schreiber et al. 16%, 3%, and 81% for Schreiber/b. The importance of PFC emissions decreases when looking at the improved electrolysis processes, and even more so when looking at the entire process chain. Figure 4 illustrates the impact scores to produce 1 kg of Nd along the entire Bayan Obo process chain (Figure 1) . As in Figure 2 , the scales of units have to be adjusted in order to display all numbers in one figure. The pattern of impact distribution of the entire process chain (Figure 4) looks similar to the one of the single-process MSE (Figure 2) . However, as expected, the impacts are higher for the entire process chain than those of the single electrolysis process (Figure 2 Accepted Article 
Entire Process Chain
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.
FD, AP
To show the share of the MSE process on the entire process chain, the environmental impacts are added. To enable this, the different impacts are normalized and are therefore dimensionless (see chapter 3). In Figures 5 and 6 , the normalized life cycle impacts to produce 1 kg of Nd along the entire process chain (FU S ) are presented. For the worst and best scenarios, the process chains are subdivided into seven process chain segments (Figure 5 ) and into six impact categories (Figure 6) . The first six segments from mining to calcination describe the production of Nd 2 O 3 . The top red bars show the impacts of electrolysis. The share of electrolysis on the total environmental impacts to produce 1 kg of Nd rises from 9% in Schreiber/b and Sprecher et al., [14, 10] over 18% in Zhao et al., [15] 28% in Lee/b, 68% in Schreiber/w up to 82% in Lee/w. The calcination of RE oxalates to REOs induced the lowest environmental impacts, followed by flotation, roasting, mining -magnetic separation, leaching and solvent extraction.
According to our approach, only the share of the electrolysis process differs between the studies. As already shown in the evaluation of the single electrolysis processes, Sprecher et al.'s and Schreiber/b's electrolysis contributes the least, [10, 14] followed by Zhao's electrolysis, Lee/b's, Schreiber/w's, and Lee/w's, which has by far the largest share of the process chain.
The pattern of impact distribution is shown in Figure 6 and is the same in all studies. This is not surprising as all analyses are based on the same Bayan Obo process chain published by Schreiber et al., [14] except for NdF 3 
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, [14] Accepted Article [14] except for NdF
Accepted Article except for NdF shows the dominant contribution of HTP to the overall
shows the dominant contribution of HTP to the overall spread no process control is installed. [27] Their laboratory measurements of CF 4 and C 2 F 6 in the off gas confirmed the possibility of continuous PFC emission of about 74 g CF 4 and 12 g C 2 F 6 per kg Nd. [27] These measurements are taken for a sensitivity analysis (called Sensitivity PFC).
All other assumptions in Sensitivity PFC are based on Schreiber/w ( Table 1) . By raising the CF 4 and C 2 F 6 emissions from 0.14 g CF 4 /kg Nd and 0.014 g C 2 F 6 /kg Nd in the electrolysis of Schreiber/w to 74 g CF 4 and 12 g C 2 F 6 per kg Nd measured by Vogel and Friedrich [27] , GWP increases by a factor of 22 for one kg Nd produced via MSE (FU p ) ( Table 2 ). Looking at the entire process chain, the normalized GWP increases by a factor of 7 for 1 kg Nd produced along the entire process chain (FU S ) (Figure 6) . A reason for this are the high CO 2 equivalents of CF 4 (7390 CO 2 -eq./kg) and C 2 F 6 (12,200 CO 2 -eq./kg). The share of electrolysis on the total environmental impacts to produce 1 kg of neodymium rises up to 72% (Figure 5) .
Conclusion
This study compared the environmental performances of 10 MSE processes. Due to the lack of primary data, the electrolysis process had to be modelled based on several assumptions.
The electrolysis LCI data were gathered from own analyses as well as published studies and were supplemented with the same upstream and downstream processes. Furthermore, the different electrolysis processes were linked to a recently published process chain to produce Nd 2 O 3 from the Chinese Bayan Obo raw ore in order to investigate the importance of the electrolysis on the entire Nd production.
Although the electrolysis processes model the same technology type, there are large differences in the environmental impacts according to their assumptions. One significant difference lies within the description of production standards (backyard facilities with 3-4 kA, In contrast, the electricity consumption cannot be reduced significantly because a voltage reduction would lead to a lower energy input into the electrolysis cell and thus to a disturbance of the heat balance. Lower environmental impacts can only be achieved by more sustainable electricity generation.
Automated process control, off-gas cleaning and recycling can offer a large potential for optimization. All of these measures would lead to a significant reduction of the environmental burden for Nd production and have potential to be industrially optimized.
The comparison of MSE in different studies has shown the high sensitivity of assumptions regarding production standards and emissions. This clearly indicates that the results must be handled with care, if no reliable data from Chinese RE production are available.
